Abstract. In this talk we discuss SO(10) Yukawa unification and its ramifications for phenomenology. The initial constraints come from fitting the top, bottom and tau masses, requiring large tan β ∼ 50 and particular values for soft SUSY breaking parameters. We perform a global χ 2 analysis, fitting the recently observed 'Higgs' with mass of order 125 GeV in addition to fermion masses and mixing angles and several flavor violating observables. We discuss two distinct GUT scale boundary conditions for soft SUSY breaking masses. In both cases we have a universal cubic scalar parameter, A 0 . In the first case we consider universal gaugino masses, and universal scalar masses, m 16 , for squarks and sleptons; while in the latter case we have non-universal gaugino masses and either universal scalar masses, m 16 , for squarks and sleptons or D-term splitting of scalar masses. We discuss the spectrum of SUSY particle masses and consequences for the LHC.
INTRODUCTION
Fermion masses and mixing angles are manifestly hierarchical. The simplest way to describe this hierarchy is with Yukawa matrices which are also hierarchical. Moreover the most natural way to obtain the hierarchy is in terms of effective higher dimension operators of the form W ⊃ 16 3 
This version of SO(10) models has the nice features that it only requires small representations of SO (10) , has many predictions and can, in principle, find an UV completion in string theory. There are a long list of papers by authors such as Albright, Anderson, Babu, Barr, Barbieri, Berezhiani, Blazek, Carena, Chang, Dermisek, Dimopoulos, Hall, Masiero, Murayama, Pati, Raby, Romanino, Rossi, Starkman, Wagner, Wilczek, Wiesenfeldt, and Willenbrock which have followed this line of model building. The only renormalizable term in W is λ 16 3 10 16 3 which gives Yukawa coupling unification
at M GUT . Note, one CANNOT predict the top mass due to large SUSY threshold corrections to the bottom and tau masses, as shown in [1, 2, 3] . These corrections are of the form
So instead we use Yukawa unification to predict the soft SUSY breaking masses!! In order to fit the data, we need
For a short list of references on this subject, see [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18] .
GAUGE AND YUKAWA UNIFICATION WITH UNIVERSAL GAUGINO MASSES
In the first case we take µ Mg > 0, thus we need µ A t < 0 [16, 18] . We assume the following minimal set of GUT scale boundary conditions -universal squark and slepton masses, m 16 , universal cubic scalar parameter, A 0 ,
In this section we argue that the light Higgs boson must be Standard Model-like. To do this we show that the CP odd Higgs boson, A, must have mass greater than ∼ 1 TeV and as a consequence this is also true for the CP even Higgs boson, H, and the charged Higgs bosons, H ± , as well. This is the well-known decoupling limit in which the light Higgs boson couples to matter just like the Standard Model Higgs.
Consider the branching ratio BR(B s → µ + µ − ) which in the Standard Model is ∼ 3 × 10 −9 . In the MSSM this receives a contribution proportional to ∼ tan β 6 m 4
A
. Recent experimental results give [23] LHCb : = (3.2 +1.5 −1.2 ±0.2) × 10 −9 with 1 fb −1 (7 TeV) and 1.1 fb
Since we have tan β ∼ 50, our only choice is to take the CP odd Higgs mass to be large with m A ≥ 1 TeV. This is the decoupling limit; hence the light Higgs is SM-like.
Gluino Mass
We find an upper bound on the gluino mass (constrained by fitting both the bottom quark and light Higgs masses). The gluinos in our model prefer to be light, so an important question is what are the present LHC bounds on gluinos in our model? Consider one benchmark point with the spectrum, Tables 6. The gluino decay branching fractions for this benchmark point are given in Table 7 . Note this cannot be described by a simplified model. Hence we cannot use bounds on the gluino mass obtained using simplified models by CMS and ATLAS. We have thus re-analyzed the data from CMS, Table 1 , for 6 benchmark points with m 16 = 20 TeV and different values of the gluino mass. We performed a detailed comparison of simplified models, in particular, BR(g → ttχ 0 1 ) =100% and BR(g → bbχ 0 1 ) =100%, vs. the benchmark points from our model [18] . We find for the purely hadronic analyzes a 10 -20% less significant bound, due to the fact there are fewer b-jets as a result of the significant branching fraction,g → gχ 0 1,2 . The same sign di-lepton bounds are, on the other hand, the most significant. The bottom line is that mg ≥ 1 TeV. 
Dark Matter
Finally, our LSP is bino-like and thus, using microOmegas, we find it over-closes the universe. One way to solve this problem is to include axions. In this case the bino can decay into an photon and axino. While the dark matter is a linear combination of axinos and axions [28] .
GAUGE AND YUKAWA UNIFICATION WITH NON-UNIVERSAL GAUGINO MASSES
This part of the talk is based on the work [17] and work in progress with Archana Anandakrishnan, B. Charles Bryant and Linda Carpenter. We assume the following GUT scale boundary conditions, namely a universal squark and slepton mass parameter, m 16 , universal cubic scalar parameter, A 0 , "mirage" mediation gaugino masses,
(where M 1/2 and α are free parameters and b i = (33/5, 1, −3) for i = 1, 2, 3). Note, this expression is equivalent to the gaugino masses defined in [29] . α in the above expression is related to the ρ in Ref. [30] as:
. We 
consider two different cases for non-universal Higgs masses [NUHM] with "just so" Higgs splitting
with universal squark and slepton masses, m 16 , or, D-term Higgs splitting, where, in addition, squark and slepton masses are given by m
with the U(1) D-term, D, and SU(5) invariant charges, Q a . Note, we take µ, M 1/2 < 0. Thus for α ≥ 4 we have
There are 12 parameters and 11 observables, thus we require χ 2 1. Nevertheless, since Yukawa unification severely constrains the SUSY breaking sector of the theory we are confident that the SUSY spectrum is robust. Two benchmark points are given in Table 8 . Note, the parameter α which determines the ratio of anomaly mediated and gravity mediated SUSY breaking is large. Thus the spectrum is similar to that of pure anomaly mediation with an almost degenerate neutralino and chargino; both predominantly wino-like. The neutralino and chargino masses in Table 8 are tree level running masses and the factor ∆m includes the one loop correction to their masses. Note the splitting is of order 500 MeV. As a result the chargino decays predominantly into the neutralino and a single pion. The gluino decay branching fractions for the benchmark point obtained using SDecay is g → {63%χ 0 g, and the rest toχ + bt,χ − tb} Just − so splitting (12) g → {56%χ + bt,χ − tb; 17%χ 0 tt; 10%χ 0 bb, and the rest to light quarks} D − term splitting
We are now studying the LHC bounds on the sparticle masses in this model.
Dark Matter
In this model the dark matter candidate is predominantly wino-like. Therefore, using microOmegas we find, assuming thermal dark matter, that the universe is under-closed. This problem can be avoided if winos are produced non-thermally or with another source of dark matter, such as axions.
FAMILY MODEL
The previous results depended solely on SO(10) Yukawa unification for the third family. We now consider a complete three family SO(10) model for fermion masses and mixing, including neutrinos [31, 32, 21] . The model also includes a D 3 ×[U(1)×Z 2 ×Z 3 ] family symmetry which is necessary to obtain a predictive theory of fermion masses by reducing the number of arbitrary parameters in the Yukawa matrices. In the rest of this talk we will consider the new results due to the three family analysis. We shall consider the superpotential generating the effective fermion Yukawa couplings. We then perform a global χ 2 analysis, including precision electroweak data which now includes both neutral and charged fermion masses and mixing angles.
The superspace potential for the charged fermion sector of this model is given by: where 45 is an SO(10) adjoint field which is assumed to obtain a VEV in the B -L direction; and M is a linear combination of an SO(10) singlet and adjoint. Its VEV M 0 (1 + αX + βY ) gives mass to Froggatt-Nielsen states. Here X and Y are elements of the Lie algebra of SO(10) with X in the direction of the U(1) which commutes with SU(5) and Y the standard weak hypercharge; and α , β are arbitrary constants which are fit to the data.
are SO(10) singlet 'flavon' fields, andχ a , χ a are a pair of Froggatt-Nielsen states transforming as a 16 and 16 under SO(10). The 'flavon' fields are assumed to obtain VEVs of the form
After integrating out the Froggatt-Nielsen states one obtains the effective fermion mass operators in Fig. 9 . We then obtain the Yukawa matrices for up and down quarks, charged leptons and neutrinos given in Fig. 10 . These matrices contain 7 real parameters and 4 arbitrary phases. Note, the superpotential (Eqn. 13) has many arbitrary parameters. However, at the end of the day the effective Yukawa matrices have many fewer parameters. This is good, because we then obtain a very predictive theory. Also, the quark mass matrices accommodate the Georgi-Jarlskog mechanism, such that m µ /m e ≈ 9m s /m d . We then add 3 real Majorana mass parameters for the neutrino see-saw mechanism. The anti-neutrinos get GUT scale masses by mixing with three SO(10) singlets {N a , a = 1, 2; N 3 } transforming as a D 3 doublet and singlet respectively. The full superpotential is given by W = W ch. f ermions +W neutrino with N a N a + S 3 N 3 N 3 ) . We assume 16 obtains a VEV, v 16 , in the right-handed neutrino direction, and S a = M a for a = 1, 2 and S 3 = M 3 . The effective neutrino mass terms are given by
with
all assumed to be real. Finally, upon integrating out the heavy Majorana neutrinos we obtain the 3 × 3 Majorana mass matrix for the light neutrinos in the lepton flavor basis given by
where the effective right-handed neutrino Majorana mass matrix is given by:
GLOBAL χ 2 ANALYSIS Just in the fermion mass sector we can see that the theory is very predictive. We have 15 charged fermion and 5 neutrino low energy observables given in terms of 11 arbitrary Yukawa parameters and 3 Majorana mass parameters. Hence there are 6 degrees of freedom in this sector of the theory. However in order to include the complete MSSM sector we perform the global χ 2 analysis with 24 arbitrary parameters at the GUT scale given in Table 3 . Note, this is to be compared to the 27 arbitrary parameters in the Standard Model or the 32 parameters in the CMSSM. 
In this work we have decided to extend the analysis of Albrecht et al. to values of m 16 ≥ 10 TeV, including more low energy observables such as the light Higgs mass, the neutrino mixing angle θ 13 and lower bounds on the gluino and squark masses coming from recent data. We perform a three family global χ 2 analysis. We are using the code, maton, developed by Radovan Dermisek to renormalize the parameters in the theory from the GUT scale to the weak scale, perform electroweak symmetry breaking and calculate squark, slepton, gaugino masses, as well as quark and lepton masses and mixing angles. We also use the Higgs code of Pietro Slavich (suitably revised for our particular scalar spectrum) to calculate the light Higgs mass and SUSY_Flavor_v2.0 [33] to evaluate flavor violating B decays.
There are 24 arbitrary parameters defined mostly at the GUT scale and run down to the weak scale where the χ 2 function is evaluated. However the value of m 16 has been kept fixed in our analysis, so that we can see the dependence of χ 2 on this input parameter. Thus with 23 arbitrary parameters we fit 36 observables, giving 13 degrees of freedom. The χ 2 function has been minimized using the CERN package, MINUIT.
Initial parameters for benchmark point with m 16 = 20 TeV (see Table 4 ). The fit is quite good with χ 2 /d.o. f . = 2. However, note that we have not taken into account correlations in the data, so we will just use χ 2 as a indicator of the rough goodness of the fit.
In Table 5 we see that the value of χ 2 decreases as m 16 increases, but our analysis shows that the m 16 ∼ 20 TeV minimizes χ 2 , i.e. we have found that χ 2 slowly increases for m 16 > 20 TeV. Note, we are able to fit the neutrino masses and mixing angles quite well. The two large mixing angles are due to the hierarchy of right-handed neutrino masses. The biggest discrepancy is for the angle θ 13 . We obtain a value which is closer to 6 • , rather than the observed value of order 9 • . In Table 6 we present results for lepton flavor and CP violation.
CONCLUSION AND PLANS FOR THE FUTURE
We have presented an analysis of a theory satisfying Yukawa unification and large tan β . The results are encouraging. We find SO ( Finally, in collaboration with Anandakrishnan, Bryant and Carpenter, we are continuing to analyze the LHC phenomenology of models with effective "mirage" mediation. 
